Introduction {#sec1}
============

Rhodopsins are light-sensing photoreceptor proteins widely distributed in Eukaryota, Bacteria, and Archaea,^[@ref1]−[@ref3]^ capable of absorbing a wide range of wavelengths. Most animal and microbial rhodopsins bind a retinal chromophore with a protonated Schiff base, which enables tuning their absorbance maxima throughout the visible part of the electromagnetic spectrum, from the blue to the red.^[@ref1],[@ref3]^ Rhodopsins rely on light-driven isomerization of the retinal chromophore for their photoactivated functions. The light-driven excited-state dynamics of protonated retinal Schiff base (RSB) in animal and microbial rhodopsins have been reasonably well established after decades of extensive research, where photoexcitation from the ground state to the lowest-lying excited state is followed by ultrafast photoisomerization via a conical intersection to a ground-state product state,^[@ref1],[@ref4]−[@ref12]^ from which particular inter- and intraprotein reactions proceed further.

The absorption spectral range of protonated RSBs at the short-wavelength side has a limit around 410--430 nm.^[@ref13]^ To enable UV-light sensing below this range, some animals including insects, amphibians, fish, birds, and mammals have evolved rhodopsins with a stable unprotonated RSB.^[@ref14]−[@ref17]^ The electronic structure of unprotonated RSBs differs fundamentally from their protonated counterparts with respect to electron distribution, which raises the question through which mechanism their photoactivation occurs. Animal UV-absorbing rhodopsins have long resisted in-depth characterization because of prohibiting difficulties in expression and protein purification. The discovery of a UV-absorbing rhodopsin in the eukaryotic alga *Chlamydomonas reinhardtii* has alleviated this situation.^[@ref18]^ Histidine kinase rhodopsin 1 (HKR1) is a unique microbial rhodopsin that has photochromic bistable dark states: a blue-absorbing state (Rh-Bl, λ~max~ ≈ 485 nm) and a UV-absorbing state (Rh-UV, λ~max~ ≈ 380 nm), binding retinal via a protonated and an unprotonated RSB, respectively^[@ref18]^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The Rh-Bl and Rh-UV states can be reversibly photoconverted by blue and UV light, respectively. In this work, we identify the pathway and mechanism by which the Rh-UV state is transformed to the Rh-Bl state. We present the comprehensive photodynamics of the Rh-UV state through transient absorption (TA) and femtosecond stimulated Raman spectroscopy (FSRS)^[@ref19]^ from the femtosecond to the submillisecond time scales, thereby identifying unusual isomerization reaction dynamics of the UV-absorbing rhodopsin.

![Retinal conformers in HKR1. (a) UV-absorbing (Rh-UV) and blue-absorbing (Rh-Bl) states of HKR1. (b) Steady-state absorption spectra of Rh-UV (black solid line) and Rh-Bl (blue dashed line) states.](ja0c03229_0001){#fig1}

Results and Discussion {#sec2}
======================

Excited-State Ordering, Interconversions, and Relaxation {#sec2.1}
--------------------------------------------------------

It is known from previous work that the Rh-UV state may occur in two different conformations, Rh-UV1 with C13=C14 *cis*/C15=N16 *anti* (hereby described as 13-*cis*/15-*anti*) and Rh-UV2 with an equal mixture of 13-*trans*/15-*syn* and 13-*cis*/15-*anti* conformation^[@ref20]^ of which Rh-UV1 is by far the most dominant under our experimental conditions and designated as Rh-UV in the following (see [Methods](#sec4){ref-type="other"} for more details), although a small contribution of Rh-UV2 cannot be totally excluded. The Rh-Bl state occurs in two protonated retinal conformers (13-*trans*/15-*anti* and 13-*cis*/15-*syn*) with almost equal contribution^[@ref18]^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). To investigate how the UV-light-driven photodynamics control conversion from Rh-UV to Rh-Bl, femto- to submillisecond TA spectroscopy and FSRS were applied on the Rh-UV state. Globally fitted TA spectra---evolution-associated difference spectra (EADS) and decay-associated difference spectra (DADS)---are shown in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a and [S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf), respectively, while selected kinetic traces are shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf). For the global analysis, six components were required: 40 fs, 370 fs, 4.8 ps, 62 ps, 58 μs, and infinite. The time constants and spectral features of the 370 fs, 4.8 ps, and 62 ps components correspond to a previously reported TA study.^[@ref18]^ With the extended time window of our improved setup, an additional 58 μs component could be identified. Because of sparse time sampling around time zero in the current data (which resulted from an experimental trade-off between capturing ultrafast dynamics and that at sub-ms time scales in a single experiment while maintaining reasonable data-collection times), as well as an instrument response function of 50 fs, there is an uncertainty in the fitted time constant that assumes a value of 40 fs here. An attempt to fit the data with one less component resulted in a similar time constant of 65 fs but an absence of the 370 fs component ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf)) and showed significant misfits in the first picosecond. This demonstrates that the ultrafast component is genuine and that both the 40 and 370 fs components are strictly required in the analysis, even if the time sampling is sparse. Given the sparse time sampling around zero, we cautiously assign a \<100 fs time constant to the fastest component. It does not correspond to a cross-phase modulation or coherent artifact around time zero, as with the use of electronically synchronized pump and probe lasers no well-defined phase relation exists between pump and probe pulses, which washes out any such effects. We also reanalyzed the ultrafast data of ref ([@ref18]), thereby including a distinct ultrafast time constant ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf)): in ref ([@ref18]), a so-called pulse follower giving an instantaneous response was included *ad hoc* in the analysis to account for the signals around time zero. In the reanalyzed data ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf)) we identified a 110 fs lifetime, with an EADS similar to that shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, supporting the notion that the ultrafast component is genuine. However, with an instrument response function of 80 fs (full width at half maximum) vs 50 fs for the current data set, as well as an elevated noise level with respect to the current data, the ultrafast component is less well resolved in the data of ref ([@ref18]); we continue to define this time constant as \<100 fs.

![Transient absorption (TA) spectroscopy and FSRS of the Rh-UV state of HKR1 upon 400 nm excitation. (a) Evolution-associated difference spectra (EADS) of the TA signals. The amplitude of the first EADS (black line) is scaled down by 2. The EADS of the 4.8 ps component scaled on that of the 62 ps component is shown as a dashed magenta line. (b) First four EADS (top) and decay-associated difference spectra (DADS, bottom) of the FSRS signals. (c) Time traces at 1690 cm^--1^ (top) and 1720 cm^--1^ (bottom). Open dots and solid lines show the raw data and fitting, respectively.](ja0c03229_0002){#fig2}

The \<100 fs EADS (black line, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) represents the state at time zero prepared by the excitation pulse and shows a stimulated emission band in the blue region (less than ∼470 nm) and a pronounced excited-state absorption at \>470 nm. Notably, the stimulated emission shows a vibronic structure with an energy spacing that matches that of the absorption spectrum ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b), which supports our notion that this constitutes a genuine molecular state rather than a cross-phase modulation artifact. It evolves to the second EADS in \<100 fs (blue line, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) that has two broad positive bands at ∼470 and ∼590 nm. In 370 fs, these bands sharpen, while their peak positions do not significantly change (blue to magenta line evolution). In 4.8 ps, the positive signals decayed to a lower amplitude while maintaining spectral shape (magenta to green line evolution), after which the signal disappeared almost completely in 62 ps (green to red line evolution). Finally in 58 μs, a positive band at ∼480 nm appeared at low amplitude (red to cyan line evolution). A negative band at ∼400 nm was observed in all components at varying amplitudes and is due to the ground-state bleach of the Rh-UV state.

FSRS spectra were obtained with a preresonant 800 nm Raman pump upon actinic excitation of Rh-UV at 400 nm. Selected raw FSRS spectra are shown in [Figure S5a](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf). The FSRS spectra were globally fitted by applying the same time constants as for the TA experiments ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b and [S5b](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf)). From the EADS and DADS ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), it is obvious that a strong band near 1712 cm^--1^ band appeared in 370 fs. After the ∼1712 cm^--1^ band rise, it decayed with two components peaking at 1696 and 1716 cm^--1^, as observed in the DADS, with time constants of 4.8 and 62 ps, respectively ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, the kinetic traces at 1690 (top) and 1720 cm^--1^ (bottom) are shown with fitted curves. Note that the 4.8 and 62 ps EADS show a slight broad negative baseline in the region between 1600 and 1800 cm^--1^. This is a consequence of the watermarking approach, which causes broad negative features to appear on either side of strong positive bands (the "Mexican hat" effect), and should be interpreted as an incomplete baseline removal rather than genuine negative signals.^[@ref21]^

The excited-state signals derived from TA spectroscopy and FSRS of the Rh-UV state differ significantly from those observed in visible-absorbing microbial rhodopsins, both in spectral signature and lifetimes. The pronounced positive band near 1712 cm^--1^ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) observed in FSRS has not been observed in visible-absorbing rhodopsins,^[@ref8],[@ref9],[@ref22]−[@ref24]^ and its unusually high frequency points to a specific origin. Similar highly upshifted bands are generally observed and well-established in the optically forbidden S~1~ (2Ag^--^) excited state of linear polyenes of similar conjugation length, where they were assigned to an ethylenic C=C stretch vibration that was unusually highly upshifted, which resulted from vibronic coupling between the S~1~ (2Ag^--^) excited and S~0~ (1Ag^--^) ground states.^[@ref25],[@ref26]^ Notably, such a band was also observed for an unprotonated RSB analogue in solution with picosecond Raman spectroscopy peaking at 1738 cm^--1^, where the ethylenic C=C stretch vibration was upshifted by ∼200 cm^--1^ and assigned to vibronic coupling in analogy to the electronic structure in linear polyenes.^[@ref27]^ We accordingly assign the positive signal near 1712 cm^--1^ to a large upshift of the C=C ethylenic stretch that results from population of the optically forbidden S~1~ (2Ag^--^) state in HKR1.

In linear polyenes, the excited-state energy level ordering involves an optically forbidden low-lying state, according to S~2~ (1Bu^+^) -- S~1~ (2Ag^--^) -- S~0~ (1Ag^--^), where S~2~ is optically allowed and S~1~ is optically forbidden. Here, the 1Bu^+^ state has an "ionic" charge-transfer character, while the 2Ag^--^ state (which has the same symmetry as the ground-state S~0~) exhibits "covalent" character with charges distributed evenly along the conjugated polyene chain.^[@ref28],[@ref29]^ For linear polyenes, this energy-level ordering has been demonstrated for a wide range of conjugation lengths of *N* = 3 to *N* \> 15.^[@ref30]−[@ref32]^ Early experimental and theoretical studies indicated that in RSB protonation leads to Bu^+^/Ag^--^ energy-level inversion with respect to linear polyenes,^[@ref33]^ implying an optically allowed Bu^+^-like state as the lowest-lying excited state, later confirmed by numerous computational studies.^[@ref4],[@ref34]−[@ref38]^ According to this model, unprotonated opsin-bound RSB would have an energy-level ordering similar to that of linear polyenes. In unprotonated RSB in solution, the radiative rate of the S~1~ state was determined to be very small at (260 ns)^−1^ -- (450 ns)^−1^, which confirms the optically forbidden nature of this transition and is consistent with an Ag^--^ character.^[@ref39],[@ref40]^ Here we experimentally determine that this simple picture likely applies to HKR1, i.e., the optically allowed 1Bu^+^-like state is located higher than the optically forbidden 2Ag^--^-like state, resulting in S~0~--S~2~ photoexcitation in Rh-UV HKR1.

We note that, even if the molecular symmetry of RSB does not entirely conform with those of linear polyenes, the Ag^--^/Bu^+^ character of their excited-state manifold remains largely valid, as has been confirmed with structure-based calculations for protonated RSB, where the Bu^+^ state lies below 2Ag^--^.^[@ref4],[@ref36]^ Such structure-based calculations on UV-absorbing rhodopsins with unprotonated RSB will have to await high-resolution X-ray structures. Likewise, geometric distortion that results from binding to the protein does not appreciably affect the overall ground- and excited-state characters of RSB, which retain their Ag^--^ character in the ground state and the Ag^--^ and Bu^+^ designations of their excited states.^[@ref4],[@ref36]^

Recent theoretical work on the UV-absorbing Siberian hamster cone pigment found a 1Bu^+^ state ∼0.3 eV lower than the 2Ag^--^ state, essentially reproducing the situation for animal rhodopsin binding protonated RSB.^[@ref41]^ Our data cannot be explained with the energy-level ordering or spacings reported there: if the 1Bu^+^ state absorbs a photon and the 2Ag^--^ state would lie 0.3 eV above it, the latter will not get populated, which is contrary to our experimental observations. We note that the calculations were performed on a homology model of bovine rhodopsin with the RSB in a 11-*cis* isomeric configuration, which differs significantly from HKR1 microbial rhodopsin with a 13-*cis* RSB. Even so, given the inexact structural modeling, it remains to be seen if that work represents an accurate description of UV rhodopsins in the animal kingdom.

A band near 1700 cm^--1^ was observed in the excited state of unprotonated RSB in solution using pump-degenerate four-wave mixing (DFWM) experiments,^[@ref42]^ where it was assigned to a C=N stretch vibration. However, we consider it highly unlikely that the positive band near 1712 cm^--1^ in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b represents a C=N vibration, given that C=N bands in unprotonated RSB are located at much lower frequencies around 1610--1630 cm^--1^.^[@ref43],[@ref44]^ In HKR1, the C=N mode was identified at 1614 cm^--1^ in the molecular ground state using resonant Raman spectroscopy,^[@ref18]^ and we are not aware of any viable physical mechanism that could cause this C=N mode to upshift by 100 cm^--1^ in the S~1~ excited state. In addition, the C=N band has a very low Raman activity (6% of the C=C ethylenic stretch),^[@ref18]^ and hence, it is very unlikely to be the cause of the much larger signals at ∼1710 cm^--1^ in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. In contrast, vibronic coupling between S~0~ and S~1~ states is a well-established and often experimentally observed mechanism to dramatically upshift C=C stretch vibrations in the S~1~ state of linear polyenes and related molecules,^[@ref25]−[@ref27],[@ref45]−[@ref49]^ so our interpretation of the signals ∼1710 cm^--1^ constitutes the most likely rationalization.

The \<100 fs decay of the S~2~ signal implies that the S~2~ (1Bu^+^) → S~1~ (2Ag^--^) transition proceeds in \<100 fs. The spectral sharpening of TA spectra ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) in 370 fs is likely due to vibrational cooling of the S~1~ (2Ag^--^) state. From the absorption and fluorescence spectra of RSB in organic solvent, the S~2~ -- S~1~ energy gap may be estimated at ∼4000 cm^--1^.^[@ref40]^ Hence, a large amount of heat is dissipated in the molecule upon S~2~--S~1~ conversion, which will cause vibrational cooling to occur.

We assigned the unusually upshifted FSRS band at ∼1712 cm^--1^ that appears within 370 fs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) as a C=C stretching band of the optically forbidden S~1~ (2Ag^--^) state. The S~1~ C=C stretching modes appeared in 370 fs, not in \<100 fs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), even though the S~1~ state is formed with the latter time constant as demonstrated by our TA results ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). Most likely, intramolecular vibrational energy redistribution is required prior to the occurrence of S~1~--S~0~ vibronic coupling.

Identification of an Isomerization Reaction in the S~2~--S~1~ Evolution {#sec2.2}
-----------------------------------------------------------------------

Having established the nature of the excited states that are formed in HKR1 upon UV excitation, we are in a position to discuss the isomerization pathways that ultimately result in the blue-light-absorbing HKR1 state shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. We first note that the S~1~ state (2Ag^--^) shows a biphasic decay with time constants of 4.8 and 62 ps, indicating two separate S~1~ fractions with distinct lifetimes. The TA signatures of these states are nearly identical, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, where the 4.8 ps EADS (magenta dotted line) was scaled on the 62 ps EADS (green line). In principle, an unprotonated RSB also has access to a n−π\* state where one electron from the lone-pair nitrogen of the RSB is promoted to the chromophore π-electron system. Population of n−π\* states has been detected in retinal in solution.^[@ref50]^ However, the electronic absorption spectra (ESA) of the two distinct S~1~ states are nearly identical; hence, we consider it very likely that they represent similar π--π\* transitions.

In FSRS, the DADS of the 4.8 and 62 ps components show positive bands at 1696 and 1716 cm^--1^, respectively ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), confirming the existence of two distinct S~1~ species. The significant difference in the S~1~ C=C stretch frequency implies that two structurally distinct S~1~ states are formed following excitation to the S~2~ state. We recall that the retinal conformer of the Rh-UV state is homogeneous 13-*cis*/15-*anti* under our background illumination conditions, having only one C=C stretch band at ∼1566 cm^--1[@ref18]^ (at 1567 cm^--1^ in [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf)). From these observations, we hypothesize that retinal isomerization may have taken place during the S~2~--S~1~ conversion and ensuing vibrational-cooling process. Hereby, one fraction undergoes isomerization and the other fraction maintains its isomeric state, resulting in two distinct S~1~ C=C frequencies corresponding to two minima on the S~1~ excited-state potential energy surface, as schematically indicated in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. In an unprotonated RSB analogue in solution, *cis* isomers were downshifted in their S~1~ C=C frequency with respect to the all-*trans* isomer by up to 11 cm^--1^,^[@ref27]^ supporting this interpretation.

![Excited-state reaction model of Rh-UV HKR1. The red arrow indicates the isomerization pathway on the S~2~--S~1~ surfaces, including a reactive fraction to 13-*trans*/15-*anti* (all-*trans*) and a nonreactive fraction back to 13-*cis*/15-*anti*. The magenta arrow indicates the isomerization pathways on the S~1~--S~0~ surfaces from 13-*cis*/15-*anti* to 13-*cis*/15-*syn*. The wiggly black lines indicate vibrational cooling on the S~1~ potential energy surface. The green arrow indicates internal conversion from the S~1~ to the S~0~ state while maintaining the 13-*trans*/15-*anti* isomeric state.](ja0c03229_0003){#fig3}

Because the 4.8 ps DADS in FSRS is essentially all-positive (magenta line, bottom panel, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), the 4.8 ps component represents pure decay of the 1696 cm^--1^ band. Thus, the 4.8 ps spectral evolution does not represent a band shift of the S~1~ C=C stretch but rather a separate decay component of the S~1~ state, as we observed for the 4.8 ps component in the TA data ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a and [S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf)). This observation rules out the possibility that the 4.8 ps component is due to vibrational cooling: if this were the case, the 1696 cm^--1^ band would represent population of the ν = 1 vibrational level in the S~1~ state, which is downshifted with respect to the ν = 0 vibrational level due to anharmonicity in the potential energy well. During vibrational cooling, the band would shift to the ν = 0 vibrational level at 1716 cm^--1^. The 1716 cm^--1^ band would then rise upon decay of the 1696 cm^--1^ band, which would manifest itself as a pronounced negative amplitude component ∼1716 cm^--1^ in the 4.8 ps DADS, which is not observed experimentally. Also, no such rise at 1716 cm^--1^ is observed in the raw FSRS spectra ([Figure S5a](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf)). To further strengthen this argument, in the TA results the 4.8 ps EADS has an identical spectral shape to that of the 62 ps EADS ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, see scaled 4.8 ps EADS), which is not consistent with a vibrational-cooling process. Instead, the TA experiments clearly indicated vibrational cooling in 370 fs, as evidenced from the sharpening of the S~1~ excited-state absorption with that time constant ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). Therefore, we conclude that vibrational cooling is completed in 370 fs and eliminate the possibility that it occurs in 4.8 ps.

It is important to note here that the ultrafast UV--vis spectral dynamics upon isomerization and vibrational cooling in HKR1 cannot be directly compared with those of canonical animal or microbial rhodopsins that bind a protonated RSB. For instance, photorhodopsin/bathorhodopsin and the J/K intermediates in rhodopsins with a protonated RSB are accompanied by characteristic bathochromic shifts after isomerization.^[@ref1],[@ref5],[@ref51]^ In HKR1, the isomerized photoproduct is formed on an entirely different electronic state, namely, the S~1~ state (2Ag^--^) of unprotonated RSB, as opposed to canonical rhodopsins where the S~0~ state (1Ag^--^) of protonated RSB is populated, which results in entirely different spectroscopic signatures. A similar issue pertains to the FSRS spectra of HKR1 on the picosecond time scale. We note that most of the Raman bands show a significant shift on the picosecond time scale ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf)). However, one cannot directly compare these results on HKR1 with those of canonical rhodopsins: in the latter, the isomerization results in a ground-state species, and the Raman frequency shifts with respect to the reactant state become apparent immediately, allowing for in-depth interpretation of the retinal structure.^[@ref8],[@ref9]^ In HKR1, the system resides in the S~1~ excited state after isomerization, which by itself will generally shift most frequencies because the overall bond order changes due to the π--π\* character of the optical transition. This will overwhelm any effect of isomerization on the Raman bands, precluding a meaningful comparison with the reactant spectrum. For that reason, only the upshifted S~1~ C=C band near 1700 cm^--1^ shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b gives useful information because this specific vibrational band is shifted completely out of its frequency region of the reactant state. The fact that we observe two distinct Raman frequencies here proves that there are two retinal conformers in the S~1~ state.

Additional Isomerization Reaction in the S~1~--S~0~ Evolution {#sec2.3}
-------------------------------------------------------------

The S~1~ state shows a biphasic decay to the S~0~ ground state with time constants of 4.8 and 62 ps, and after this event the ground-state photoproducts will become apparent. The 58 μs EADS in TA (red line, [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, [4](#fig4){ref-type="fig"}a, and [S7](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf)), which appears after the S~1~ state decay in 62 ps, has a very low amplitude. This observation indicates that the main fraction of photoproducts corresponds to UV-absorbing unprotonated RSB species that significantly overlap with that of Rh-UV, causing their positive and negative signals to cancel out in the difference spectrum.^[@ref18]^ Still, the 58 μs EADS shows a very small absorption at 450--600 nm, as depicted in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf), which indicates that a small fraction of unprotonated retinal becomes protonated and acquires an absorption spectrum peaking at 520 nm immediately after decay of the S~1~ excited state. We estimate this fraction as 4% of the totally formed photoproducts based on the amplitude of the EADS in the TA ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a and [S7](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf)) and flash photolysis ([Figure S8a](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf)) data as explained in the figure caption of [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf).

![Transient absorption (TA) and stimulated Raman spectra of the 58 μs and infinite components. (a) EADS of the TA signals. The last two components from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a are shown. (b) A ns−μs time trace at 500 nm of the TA experiments. The open dots and the solid line show raw data and a fitting curve, respectively. (c) FSRS spectra taken at 12.5 ns and 100 μs time delays with extensive data averaging. The thin and thick lines indicate raw and smoothed spectra, respectively.](ja0c03229_0004){#fig4}

To characterize the photoproduct(s) formed after S~1~ state decay, we performed FSRS experiments at 12.5 ns and 100 μs time delays with extensive data averaging ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). In the 12.5 ns spectrum (red line), a positive band at 1528 cm^--1^ is observed along with a negative Rh-UV ground-state bleach signal at 1559 cm^--1^. In addition, a positive band at 1574 cm^--1^ with a shoulder at 1584 cm^--1^ is clearly resolved. The observation of three distinct positive C=C bands (1528, 1574, and 1584 cm^--1^) indicates that at least three retinal conformers were formed after the excited-state evolution. Interestingly, the 1574 cm^--1^ band is at a nearly identical spectral position as the 1576 cm^--1^ band observed for all-*trans* unprotonated RSB in frozen solution^[@ref44]^ and may thus be assigned as unprotonated all-*trans*. Following the same work, the 1584 cm^--1^ band likely corresponds to the unprotonated 13-*cis* conformer. This observation indicates that two distinct unprotonated retinal conformers exist in the photoproduct ground states, which appear upon S~1~--S~0~ relaxation proceeding in 4.8 and 62 ps. Therefore, in addition to isomerization on evolving from the S~2~ to the S~1~ state, another isomerization may occur on evolving from the S~1~ to the S~0~ state. Otherwise, only one unprotonated ground-state product would be observed because the nonisomerized 13-*cis* conformer in the S~1~ state (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) would return to its original parent ground state that has its C=C frequency at 1567 cm^--1^ and would not contribute to the difference signals.

The 1528 cm^--1^ band has a higher amplitude than those at 1574/1584 cm^--1^, but its frequency is obviously too low for a unprotonated RSB species (see ref ([@ref43]) for the relation between absorption wavelength and retinal C=C stretch frequency). Instead, we interpret this 1528 cm^--1^ band as arising from the minor fraction of directly formed protonated RSB (red lines, [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a and [S7](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf)). Despite its low transient concentration and minor contribution to the total product yield of 4%, it gives a larger FSRS signal due to the more favorable resonance conditions with the 800 nm Raman pump through its absorption band at 520 nm. Its isomeric state remains unknown at this point.

Dual Isomerization on Distinct Potential Energy Surfaces: Lifetimes and Pathways {#sec2.4}
--------------------------------------------------------------------------------

With FSRS, we concluded that two isomerization reactions may occur in the HKR1 UV-absorbing state upon absorption of UV light: upon evolution from S~2~ to S~1~ and with the transition from S~1~ to S~0~. An open question here is which isomerization, C13=C14 *cis*--*trans* or C15=N16 *anti*--*syn*, occurs during the subsequent S~2~ -- S~1~ -- S~0~ electronic energy-state transition cascade. In general, photoisomerization proceeds via conical intersections,^[@ref4],[@ref52]^ and there are three possibilities for dual photoisomerization:(i)C13=C14 *cis*--*trans* isomerization with the S~2~--S~1~ transition; C15=N16 *anti*--*syn* isomerization with the S~1~--S~0~ transition ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).(ii)C15=N16 *anti*--*syn* isomerization with the S~2~--S~1~ transition; C13=C14 *cis*--*trans* isomerization with the S~1~--S~0~ transition ([Figure S9a](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf)).(iii)Parallel isomerizations of C13=C14 *cis*--*trans* and C15=N16 *anti*--*syn* with the S~2~--S~1~ transition ([Figure S9b](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf)).

If both *cis*−*trans* and *anti*−*syn* isomerization reactions would take place sequentially along a single pathway, a single 13-*trans*/15-*syn* product would be formed. This contradicts with the observed two unprotonated photoproducts in HKR1 ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c) and the known isomeric composition of the Rh-Bl state.^[@ref18],[@ref20]^ Therefore, the possibility of sequential *cis*−*trans* and *anti*−*syn* isomerization along a single pathway is excluded. We consider option (iii) unlikely because it would result in three distinct S~1~ conformers with distinct decay rates ([Figure S9b](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf)), while we observe only two such conformers ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a and b).

In protonated RSB in microbial rhodopsins, the 1Bu^+^ state drives C13=C14 *trans*--*cis* isomerization on femtosecond time scales but not C15=N16 *anti--syn*. Because the 1Bu^+^ is populated upon S~2~ excitation in HKR1, we accordingly suggest that the first photoisomerization involves C13=C14 *cis* to *trans* isomerization similarly to protonated RSB. A nonreactive fraction relaxes to the 13-*cis* form in the S~1~ state. This is consistent with the presence of two distinct S~1~ C=C bands, where the all-*trans* conformer has a higher frequency than the *cis* conformer, as observed in a RSB analogue.^[@ref27]^ We hence assign the 1716 cm^--1^ band to the 13-*trans* and the 1696 cm^--1^ band to the 13-*cis* unprotonated RSB in the S~1~ state. This reaction features the remarkable property that the newly formed isomer appears in the excited state rather than in the ground state. Isomerization in \<100 fs is unusually fast for a microbial rhodopsin,^[@ref1]^ but similarly fast isomerizations have been observed in channelrhodopsin 1 from *Chlamydomonas augustae* (*Ca*ChR1)^[@ref24]^ and animal rhodopsin.^[@ref5],[@ref6]^

As discussed in the previous section, both 13-*trans/*15*-anti* (all-*trans*) and 13-*cis*/15-*syn* isomers are likely formed as ground-state photoproducts, indicating that C15=N16 *anti*/*syn* isomerization may occur upon S~1~--S~0~ relaxation in 4.8 or 62 ps, presumably via another conical intersection. A conical intersection between 2Ag^--^ and 1Ag^--^ electronic states is more complex than that between 1Bu^+^ and 1Ag^--^ and features two adjacent 90° twisted bonds, also referred to as "CH~3~-kink" or "Hula-twist" conical intersections, as opposed to the simple one-bond flip intersections that are found for Bu^+^/Ag^--^ potential energy surfaces.^[@ref4]^ As indicated in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, two distinct positions at the S~1~ potential energy surface are populated upon decay of the S~2~ state, i.e., 13-*trans*/15-*anti* and 13-*cis*/15-*anti*. It is likely that these two conformers relax to the S~0~ ground state via two distinct conical intersections (CIs), giving rise to the two S~1~ decay time constants. The evolution on the potential energy surface to reach the conical intersections is unlikely to be barrierless, given the 4.8 and 62 ps lifetimes. Hence, the first CI is reached in 4.8 ps after passing a barrier or a flat region, and the second CI is reached in 62 ps upon passing a higher barrier. At this point, it is difficult to unambiguously identify specific reaction paths to the ground state, as the FSRS signal of the deprotonated ground-state photoproducts has much lower amplitude than the S~1~ state, and they only become apparent after full S~1~ decay; from the kinetics alone one cannot assign either of the 4.8 and 62 ps components to an isomerization reaction. However, under the assumption that the isomeric composition of Rh-Bl follows from the photoreactions of HKR1-UV, we hypothesize that the 4.8 ps decay corresponds to the 13-*cis*/15-*anti* fraction in the S~1~ state that undergoes C15=N16 *anti*--*syn* isomerization, producing the 13-*cis*/15-*syn* ground-state conformer ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). We then assign the 62 ps component to the 13-*trans*/15-*anti* S~1~ conformer that passes a different conical intersection and relaxes back to 13-*trans*/15-*anti* without undergoing isomerization, as schematically depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}.

Biphasic Protonation in 58 μs and 3.2 ms {#sec2.5}
----------------------------------------

After formation of the two unprotonated ground-state species discussed earlier, the system further evolves through proton transfer to RSB, finally resulting in the two Rh-Bl states. The significant rise of the TA signals at ∼450--600 nm with 58 μs ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a and b) implies a protonation reaction proceeding in 58 μs. A reanalysis of the previously published flash photolysis data^[@ref18]^ reveals two rise components of 81 μs and 3.2 ms at ∼450--600 nm ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf)). We hence conclude that protonation of the ground-state photoproducts occurs in two distinct phases of ∼60--80 μs and 3.2 ms. We note that the observed protonation dynamics are much slower than that reported for the photoactivated M state of bacteriorhodopsin^[@ref53]^ and proteorhodopsin,^[@ref54]^ where they proceed on the ns to hundreds of ns time scales. Strikingly, the 1574 cm^--1^ band in the 12.5 ns FSRS spectrum (red line, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c) has disappeared in the 100 μs FSRS spectrum (cyan line), while the 1584 cm^--1^ band has remained. A prominent band at 1540 cm^--1^ has come up in the 100 μs FSRS spectrum (cyan line, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c), consistent with partial protonation of the RSB. Thus, only the 1574 cm^--1^ band disappears in the 58 μs evolution, and it is replaced by a band at 1540 cm^--1^. In the steady-state stimulated Raman spectrum of the Rh-Bl state ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf)), two conformers in the protonated Rh-Bl state at 1540 and 1550 cm^--1^ are observed, similar to the previous resonance Raman spectroscopy work.^[@ref18]^[Figure S10](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf) reproduces the FSRS spectrum at 100 μs (cyan line), compared with the steady-state Rh-Bl minus Rh-UV spectrum (black line), clearly showing that the 1540 cm^--1^ band has formed in the former but the 1550 cm^--1^ band has not. On the basis of an extensive resonant Raman study of channelrhodopsin-2, the 1540 cm^--1^ band may be assigned to the 13-*trans* species, whereas the 1550 cm^--1^ band is associated with the 13*-cis/*15*-syn* conformer.^[@ref55]^ The 1540 cm^--1^ band observed in the 100 μs FSRS spectrum ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c) is thus assigned to 13-*trans* conformer, implying that protonation of 13-*trans*/15-*anti* RSB proceeds in 58 μs. Likely the other 1550 cm^--1^ band appeared in 3.2 ms, which is out of our FSRS temporal range, implying that protonation of 13-*cis*/15-*syn* conformer proceeds in 3.2 ms. With the 3.2 ms process, the Rh-UV to Rh-Bl transformation is complete. The two distinct protonation channels as correlated with the distinct retinal isomers are indicated in the reaction scheme of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. A light-driven C15=N16 *syn*--*anti* isomerization of an unprotonated retinal conformer followed by protonation reactions was observed in a rhodopsin mimic protein by steady-state spectroscopy and X-ray crystallography,^[@ref56]^ but it is not clear through which excited-state pathways these reactions proceed.

Concluding Remarks {#sec3}
==================

We investigated the UV-light-induced photoreaction of a UV-absorbing form (Rh-UV) of histidine kinase rhodopsin 1 (HKR1), utilizing femtosecond-to-millisecond transient absorption spectroscopy and FSRS. Immediately after UV-light absorption, the unprotonated RSB in HKR1 is excited to the optically allowed S~2~ (Bu^+^) state, indicating that Bu^+^/Ag^--^ energy level inversion occurs with respect to the protonated RSB in visible-absorbing rhodopsins. We propose a dual photoisomerization that involves *cis/trans* isomerization in \<100 fs with the S~2~--S~1~ transition and an *anti/syn* isomerization with the S~1~--S~0~ conversion in 4.8 ps. After the dual isomerization on distinct potential energy surfaces, which forms two unprotonated ground-state photoproducts, protonation reactions were detected in 58 μs and 3.2 ms for the 13-*trans*/15-*anti* isomer and, presumably, the 13-*cis*/15-*syn* isomer, respectively, completing the formation of the blue-light absorbing (Rh-Bl) states of HKR1. The model shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} has been constructed on the basis of the data presented in this work and the known isomeric compositions and their Raman signatures of the HKR1 Rh-UV and Rh-Bl states.^[@ref18]^ Furthermore, we have assumed that the dual isomers of the Rh-Bl state are formed directly from the UV-induced reaction of the single-isomer Rh-UV state, i.e., we assume that they do not follow from slower dark adaption processes such as is the case, for instance, in bacteriorhodopsin. This assumption is substantiated by the observation of dual RSB isomers and protonation phases throughout the photoreaction, from the very first events on the femtosecond time scale that indicate two isomeric conformers in the optically forbidden S~1~ state ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), to the observation of two distinct unprotonated ground-state photoproducts ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) and the biphasic protonation on the micro- to millisecond time scales that involve selective RSB isomers ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [S8](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf)). Even though the order in which the C13=C14 *cis--trans* and C15=N16 *anti--syn* isomerizations occur has not been rigorously demonstrated, the scheme of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, which proposes initial C13=C14 *cis--trans* isomerization on a \<100 fs time scale, is consistent with known properties of *trans* and *cis* isomers of an unprotonated RSB analogue in the S~1~ state,^[@ref27]^ rendering this reaction model the most likely one.

In conclusion, this work reports on the heretofore unknown excited-state dynamics and isomerization pathways and mechanisms of a UV-absorbing rhodopsin. Our findings constitute a benchmark of the photoreaction dynamics of an unprotonated retinal conformer in the broad classes of UV-absorbing rhodopsins that are widely dispersed in all kingdoms of life.

Methods {#sec4}
=======

Sample Preparation {#sec4.1}
------------------

The protein samples were expressed and purified as reported previously.^[@ref18]^ The purified samples were concentrated in 20 mM Tris buffer at pH 8.0 containing 150 mM NaCl and 0.03% β-[d]{.smallcaps}-maltoside (DDM) to OD (/cm) ∼10 and ∼30 at 380 nm for transient absorption and FSRS experiments, respectively. The samples were filled in a homemade sample holder that has two 2 mm thick CaF~2~ plates, and the sample thickness was set as 400 μm with an appropriate sample spacer. The sample holder was set on a Lissajous scanner that ensures sample refreshment after each laser shot with a time interval of 60 s between successive exposures to the laser pulses.^[@ref57],[@ref58]^ HKR1 can assume two distinct UV forms called Rh-UV1 and Rh-UV2, depending on illumination conditions.^[@ref20],[@ref59]^ Rh-UV1 is formed on blue light background illumination, whereas Rh-UV2 substantially coaccumulates on green or orange background illumination and is red-shifted with respect to Rh-UV1. In this work, the Rh-UV1 state was prepared with blue light (470 nm) illumination and indicated as Rh-UV for brevity.

Transient Absorption Spectroscopy {#sec4.2}
---------------------------------

Transient absorption measurements were performed with a femtosecond-to-submillisecond pump--probe setup as reported previously.^[@ref37],[@ref60]^ A CaF~2~ plate was used for supercontinuum white light generation, and a selected wavelength region, 375−750 nm, was detected by a photodiode array. The time delay was varied up to 500 μs at 167 data points with a minimal temporal step of 50 fs, generated by an optical delay and an electronic delay as reported previously.^[@ref23],[@ref37],[@ref60]^ The diameters of the pump and the probe beams at the sample position were ∼200 and ∼70 μm, respectively. The wavelength of the pump beam was centered at 400 nm, and the power was attenuated to ∼300 nJ. The instrumental response function was ∼50 fs, estimated from global analysis. The sample was illuminated with a ∼100 mW LED (λ~max~ ≈ 470 nm) during the experiments.

Watermarked Transient Stimulated Raman Spectroscopy {#sec4.3}
---------------------------------------------------

Femtosecond to submillisecond time-resolved stimulated Raman experiments were performed with the watermarked, nearly baseline-free stimulated Raman setup reported previously.^[@ref21],[@ref23]^ The Raman pump (∼800 nm, ∼12 μJ) and Raman probe (∼840--960 nm) were spatiotemporally overlapped at the sample position with a diameter of ∼100 μm. Actinic pump (∼400 nm, ∼400 nJ) was focused on the protein sample to a diameter of ∼150 μm with a time delay from −500 ps to 400 μs at 72 data points with a minimum temporal step of 50 fs, generated by an optical delay and an electronic delay as reported previously.^[@ref27],[@ref37],[@ref60]^ The instrument response function was ∼70 fs, estimated from global analysis. The sample was illuminated with a ∼100 mW LED (λ~max~ ≈ 470 nm) during the experiments. Raman pumps pass through a specially designed chopper blade for the watermarking approach,^[@ref21]^ which produces 14 Raman pump sequences whose wavelengths are slightly shifted from each other.^[@ref21]^ As a result, 14 different stimulated Raman experiments are effectively performed simultaneously, which makes the baseline-free watermarking approach possible. The sample exposure time to the beams was ∼1.5 h in total for the time-resolved stimulated Raman experiment. For [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, [S6, and S10](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf), baseline correction was applied using a Gaussian curve to remove the "Mexican-hat" shape artifacts.^[@ref21]^ We note here that potential pump--repump/dump--probe effects by the 800 nm Raman pump are filtered out by the watermarking technique.^[@ref21]^ The 800 nm Raman pump is not resonant with any of the HKR1 transient states (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), except possibly for the very short-lived S~2~ state, and we do not expect significant dump/repump effects to occur nonetheless.

Global Analysis Methodology {#sec4.4}
---------------------------

Global analysis was performed for the transient absorption spectra and the transient stimulated Raman spectra using the Glotaran program.^[@ref60],[@ref61]^ With global analysis, all wavelengths/wavenumbers were analyzed simultaneously with a set of common time constants.^[@ref62]^ A kinetic model was applied consisting of sequentially interconverting, evolution-associated difference spectra (EADS), i.e., 1 → 2 → 3 → ···, in which the arrows indicate successive monoexponential decays of a time constant, which can be regarded as the lifetime of each EADS.^[@ref62]^ The first EADS corresponds to the difference spectrum at time zero. The first EADS evolves into the second EADS with time constant τ~1~, which in turn evolves into the third EADS with time constant τ~2~, etc. The procedure clearly visualizes the evolution of the intermediate states of the protein.^[@ref63]^ Decay-associated difference spectra (DADS) indicate the spectral changes with parallel decay channels and independent decay time constants. It is important to note that the parallel and the sequential analyses are mathematically equivalent and yield identical time constants.^[@ref64]^ The standard errors in the time constants were \<5% for the transient absorption and \<10% for the transient stimulated Raman results.^[@ref61],[@ref63]^

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/jacs.0c03229](https://pubs.acs.org/doi/10.1021/jacs.0c03229?goto=supporting-info).Decay-associated difference spectra, selected transient absorption time traces with fitting curves, transient absorption data, comparison of global fitting of the transient absorption spectra, FSRS spectra, ground-state stimulated Raman spectra, transient absorption EADS, flash photolysis experiments, and alternative excited-state reaction models ([PDF](http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03229/suppl_file/ja0c03229_si_001.pdf))
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